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Abstract

Shortly after the launch of 10PFX/POS[  IDON on 10 August 199?  orbit determination indicated

orbit decay levels w60 times larger than could be explained by atmospheric drag.  Outgassing,  a
complex process of n-lolecular  releases from satellite non–metallic parts, was the most likely source

of these early decay rates.  1 he high decay levels steadily declined during the first six weeks while a

planned sequence of six maneuvers placed the satellite in the operational orbit to precisely overfly

a predetermined repeat ground  track. At the same time, on- going orbit trend analysis revealed

the presence of residual along- track forces comparable to atmospheric drag which clearly exhibit

a body-fixed origin. 1 hese forces cause either orbit decay or boost, depending on the satellite

attitude and solar array articulation strategies. As such, the anomalous along- track force can

either add to, or oppose, the decay due to drag

Orbit maintenance maneuver design was expected to depend primarily on effective predictions
of atmospheric drag, but now also depends equally on effective predictions of the anomalous

along- track force 1 his paper describes the empirical prediction model for the anomalous forces

for comparison with an independcrrt  analytic method derived from planned attitude atriculation

strategies, both illustrating their effect on the satellite ground track.

Itltroductiot]

‘I’OI’II}X  /l’OSII;ll)ON was sIIcccssfIIlly  liitlll~ll((l  I)y aII Ariallc 4’21’ fro]jl  I’rctlcll Guia IIa
011 1(I August  1992. ‘1’IIc  ]Jril])ary  g;oa]s  of tllisjoillt, hTASA/l’rcllcll  IIlissio]i are to str Idy occa  II
circlllatim) alId its illteractio]l w i t h  tile altl)os])l]crc,  {o l)rttcr Il]ldcrslalld cliltlat,  r cl IaIIgc;
(0 illl])rovc  klIowlcdgr7  of IIeat  tra])s])or( ill tlIc  oc-caII; 10 II IOCICI occa  II tides; aII(l to study
tlIc  lilarillc gravity field. ‘]’0 accolll])lis]l  t,licse ol)jcctivcs rcquircx  (Icterlllitl:ltioli of C)ccall
s[lrfacc lIcigl It 10 a so acc~iracy  of 13 CIII IItilizil)g  a co]lll)i]latio]l  of satcllik altitllclry alId
I)rccisioll  orl)itl clc{crlilil)atic)ll  l)asccl olI laser ratlgillg lIIc:IsllrcllI(’llts. ‘J’lIrxc  ol~jcciivcs  arc
tc) I)c ac.colll])lislld over a ]Iriltlary  lllissi(~ll lifctillle of tllrcc yea r s , with a ])msit~lc  (,WO yea r
cxlcllsioll.

‘JIIIC  Jci, l’ro])ulsiotl  l,al)orat,ory (J]’],) is res])ollsil~lc  for ‘J’OI’II;X  /l’OSII;ll)ON lilissioll
ol)cratiol)s, illcludillg;  o])eratiollal liavigatioll slil)])or[. Nf:ij(lr IIavigatioll f(lllctiolls illclu(lc
a l l  II IaIIr211vcr  dcsigll  and cval IIatioII and  relakd tr:ijcctory  analysis 01)r7ratiollal  orl)it dc-
krlllillatioll su])l)ort,  is  ])rovidcd  to J ] ’ ] ,  I)y lIIC 11’ligllt  IJy)iatl)ics l’ac.ility at tlIc  Goddard
Sl)acc  ]1’liglit  (kl]tcr (G SlrC/lrl)l~) using trac!iillp;  data acquired via tlIe  NASA ‘J’racki]lg  &
l)ata l{clay  Satell i te Systmtl (rl’l JllSS). Ik’ tai led iilkrfaces alId ])roc(clllr~s  for ~~cllallgillg
tr:ijcc.t,ory  aIId orl)it, clct(’rlllill:ltic)ll  diita  I)etwm]l  J]’], and  tllc C~SIC/1$1)1~ w e r e  csial)lislled
;III(I tllorollgllly tested ])rior  10 la Ilt Icl I 10 assllrc all ])crforltlatlcc rcqtlircll)ellts lvcrc satisfied.

* ‘1 he research described in this paper was carried out by the Jet I’repulsion I aboratory, California Institute of

‘I ethnology, under contract with the National Aeronautics and Space Administration
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Orbit Rcquiremeuts

A ])laIIIIcd  sequcllc.c  of six orl)it, aclj IIsl tIlallcuvcrs112 lJcgaIIsooII  afkrlaurlcl)  to])recise]y
I)l:lcctll[s:ltellitcill allear- circlll:ir frc)~,cll c)rl)it~vitllall illclitlatioltc )f~~~{lc’g:lt allaltitudc
o f  w1336  klII. ])uritlg tll IC ltlallcllvcrill~ ])roccss, tlIe  orl)it ground track was ali$;tlcd with a
refcrcllcc grolllid track wllicll  rcl)cats every 127 rcvolut ions  over 10 sidereal days, wllilc  also
overflyil)g  si]lglc  IIASA  aIId CNII; S altilllctcr vcrificat,  ior] sihx. ‘1’llis seqLIcIIcc  was c(jIIIl)lctcd
011 21 Scl~tcllil)cr  1992, 42 d a y s  afk~r lau IIcJI.

Mat)cl]vcrs arc })erioclically  rcqllircd 10 IIlailltaill tlIc  oI)oratiollal orl)it alId ground t r ack .
‘I’l Ic sl)ccificd  colitro]  aIId sclIcd IIliIIg  c.ollslcaillts reqllire t]lat:

1)

2)

3)

4)

111

(]~(~o of ~]] ~ql]:lt,orj:]l ~rossitlgs  :lr~ co]]t,:lillc(l Wi{,]lill :1 z- k]]) lo)lgit,rldc  I)all(l at CEICII
orl)il II(J(IC,

{j~f~, ~~f ;,]I al(,il~]~(,~r v~rifi~:l{i~ll si(,~ ~)v(:rflig]l(s ar(~ Wit,]lill q ] kill dl)rill$; tll C il)it, ial
V[.rificat,ioll  ]J]Iasc (first, six IIlollt,]ls),

]I)allcllver  s])acillgs  are at, lrast 30 d a y s ,  till]c l)lIasc(l to occ~ir  )Iear  tlIc l]olltldary of
]Jrc’-  dctcrll]itlcd 10- day orl)it cycles  to litllit itllcrfcrcl]ce w i t h  ])rccisioll  orl)il dctcr-
IIlillatio]l,  alId

tlIc  I)llrll occurs over laIId to l)recllldc illtcrru])tioll of altilllctry.

a(lditioll, saklli!c tt~lccc)ll ltlllll lic~ltiotis, tlicrltlal, aII(l l~owcr collstcaitlt,s afl’cct tlIc
sc]cct, ion of t,l Ie ]Ila]lcllvcr  l o c a t i o n  willlit]  tllc orl)il. ‘J’IIcsc” collstraitlk lIavc gmllmtric
origi]is  arising frolll  (lIc satell i te attitrl(lc articlllati(]ll Stl’ilt Cg~.

Attitude Artic(tliition Strategy

‘i’OI’II;X/l’[)  SII; ll)ON is a tllrce a x i s  stal)ilizcd s a t e l l i t e  (Irig.  1) with tlIc  altilnctcr
l~(~r~sig;]lt,  alw:Iys  l)oit]t,cd al(,llg  tll(!  IOC:II IIadir. At, tlIc  SaIIIr  tiltlc, IIoar-  colltilltlous y a w
siccril)g al)outl Lllc local  IIadir  aII(l solar a r r a y  ]Iitcllillg  IIlaitltaill tllc do]llillallt 28 1112 solar
a r r a y  l~Oilltcd IIcar tllc SUII f o r  ]Jmvcr  (I])til]liz:ltioli. Sllort]y l]cfore  lau IIclI,  a ])1:111  w a s
a(lol)tccl  to al)])ly a  solar  array l)itcll  of~setl, t]lcrcl)y  rcducitlg tlIc  ])rc)jcctcd  a r e a  to lilllit
I)atlcry cllargc r a t e s  f o r  ])crforlllallcc c:llli:lllccltlcllts. }Yllilc a ])itcll I)ias o f  57.5 dcg  i s
cllrrclltly ])rovidill$; very  good l.)atLcry ])crf’orlilallcc, radiati(]ll forc~’s  IIorllla]  to tlIc  s o l a r
ilrray are ]Iot a]ollg  tllc Iligllt. ])atll  a s  cxl)ecld witllo~lt  tllc ]Jilcll l)ias, l{csllltilig ra(lial
aIId alo IIg- track colll])ol)cl)ts  of tlic s o l a r  f o r c e afl’ccl orl)ii aIId groutld track d  ifl”cmltly,
(lcl)(~ll(lillg 011 tllc salcllitc attitr](lr. llliclcrstzlliclillg  tllcsc cfl’ccts alId dcvclo])illg  a rclial)le
])rmlictioll  II Iodel I)ccOIIIC tlIc  I)ritllary  cl Iallc’l Igcs a(ldrcssed I)y this I)al)cr.

‘1’IIc  yaw stccrillg s t r a t e g y  i s  USC(I co]lti]luously  CXC.CI)(  wlIelI - 15< /? < 15 dcg,  wlicre
/?’ i s  t$l IC aIIglc l)ctwccll  tllc orl)it lIla IIc alId tlIc sulllillc (1’i~. 2). \$’l Icl I /?’ i s  IIcar  tlIcwc
allglllar lilltitls a fixed yaw att,it,udc  is lltilizcd to avoid cxcmsivc vaw rates. ‘J’l Ic satjclli{jc is
])osit,iollcxl at a zero yaw alIglc  wlIcl I 0<8’ < 15 dcg,  wllercas a ~xcd yaw ,aIlglc Of 18(I dcg
is Ili,i]izc(] WIICII  - ]5 < /?’ < 0, A c c o r d i n g l y ,  a  y a w  fli])  ]Imltcllvcr  is rcqllird ]Icar ~’ N O
to keel) tlIe  solar array 011 tlIe sl]llli$;llt  side of tlIc satellite. ‘J’lic ,fY aIIglc ])asscs  tllrougl]
zero OIICC every w!j(i  days as tJIIC satellite orl)it IIodc regresses A,2.2 dcg/day a]Id tllc cart]]
II IOVCS  ill its orl)i(, N]  dcg/day.  A s  a rcs(llt, tllc fixed yaw alId yaw fli]) cvcl Its rccllr at this
al)])roxilllatlc  frcqucl)cy.

Atmospheric Drag

l’re laul Icl I studics” cstal)lisllcd :Itll)(w])llcric  (]rag a s  tllc IIl:ljor lIol I- gravitaliolla]  l)cr-
turl)atio]l afl’ecti]lg  tl]c  sa te l l i t e  ground track, CVCII tllougll tllc orl)it altitr]dc i s  r e l a t i v e l y
lligll  at< N1336klII. ‘I’liis  sc]lsiti~’ity  to(lr;lgrcs(lltsfrolll” tllcstrillgctlt +1-k III gmul Id track

2



---=.
n~=.



A strategy was aclc)})tcd 10 estiltl;lle a coIIstaIIt  aloIIg-  track force acting  over a SCVCII- day
l,rackillg  arr. ‘1’llis force was CStillliltC(l i]) tfIc [)ICSCIICC  of IIolililla]  drag, tfIercl)y  cstal)lisllillg
aII ave rage  form rcfcrrcd 1,0 [,f Ic ccl Iter  of 1)1 Ie track i]lg dat, a a r c . A day- I)y - d:iy IIlovi[lg
avc’rage alo IIg- track force was ol)tail)cd IIy aclvallcill.g  tfIc SC VCII - day trackili~ arc I)y a day
aIId drol)])illg  of ftllc first day, so adjacc]li sol(ltiotls were always l~ascd 011 six days of col]lilloll
trackillgdatla. ‘llllis tcc.ll]li[lllcl jro(lllcc(l arc:IsoII:Il)lj(s  II I()()tlI  aiId co]isiskllt  daily llist,oryof
{IIC aIIOIIIalous forces wliicll  were  tlIeII collvcrtcd to cqllivalrlltl  accclcraiio]t  aIId illtcgratd
10 dctjcrltlillc ifIc rate o f  cl Ial Igc ill orl)it sell]i-lll:ljor axis. 11’il)ally, orl)it (Icterlltillatic)ll
so]utio]]s  wcregrou])d  illtc)f ?illliliesc c)rresl)c~l](li  llgtc)() rlc[)ftllef()[lr I,asic  s:itcllitcflttit[lcle
articl]latioll stlrakgics:  1) yaw stccrillg wlIcl I S’ > 0, 2) y a w  steering WIICII  /7’ < 0, 3) f i x e d
z e r o  y a w  aIIgle,  aIId 4) fixd 180- dcg  yaw a] Iglc.

A  s(]ital)lc ])criod  of orl)it q u i e t  first I)eca]llc  avail  al)]c after acllicvi]ig  tfIc o])craticnlal
orl)it ( 2 1  Sc])lcltll)cr) alId ])rior to tfIc f i r s t  orl)i(  lnailltc]lallcc 111:111 Cll VCr (O NIN’!l)  011 12
Octol)crj  a  y a w  slcwrillg  ])eriod  wlIc]I [f’ <  0 aIId itlcreasitig ]Icgatively (SW P’ig. 2). lfkti-
]I)atcs  of tllc aIIo]IIalous  f o r c e  illdicahd st]staillcd orl)it  lIoost raks tflat varid I)ctwcc’]1  N2
:]11(]  7 Clll/d2i}J, a s  SIIOWII  ill 11’ig. 4. ‘J’IIMc r e s u l t s  illdicatc llIc force  w a s  aciitlg alolig (lie
sat,cl]it, c -1 Y axis ,  varyitig Iitlcar]y  wi(ll ilIc  y;iw :Illi])littldc  aIId ,fY. A  l c ’ a s t - s q u a r e s  fit of
111(  ’clilil~c stitl]atc’skvitll  /Y])rovidcd a tilllr clc])cli(lelltl  lic)clel( )ftllc:l  ll()lllal()llsf c)rccllscfLll
for ]~rcdlc.tillg f u t u r e  I)oostj rates during y a w  slccrillg WlICII /?’ < 0. ‘J’llis  II IOCICI II IzItclIcs
csiitllatcd :Illo)tl:ilc)llsforc.(!” l)cllavior illllllediately followitig  OMhll (sm l“ig. 4).

‘1’lIe aiIolIIalolls  force }vas initially cwtitllatcd  during fixed yaw ill Novel IIl)cr 1992, first
for a zero  yaw aII~lc wllcrc tlIc  satcllilc -1 X ax i s  i s  ])oilltrd ill tlIc  dircctiotl of IIlotioll  alId
i s  aligtlc(l  witfl  tlIc  satellik vcloc.iiy, A s  SUCII, csti]llates of aII alo II:;- tr:ick force origi]]atc
frotl]  tlI( satel l i te  X-axis;  alIy Origiliatillg frolli -{}’ arc 1101 (Jl]s(’rval)l( a s  alo]lg- track ])cr-
tllrl)atio]ls. ‘I’l Ic solar  array ])itcll I)ias assllrcs a force  COIII])OIICII1  ill tllc (Iircctiol)  oftl]otiolll
rcsultiltg;  it] a IIct orl)il, decay  I(>vc 1 of ~28 cl II/(lay  t]lat rc:lllil ills c’ssclltially  cOIIstal Il during
tflisfixcd yaw ])eriod.

11’o]lowillg  tlIc  y a w  flil) lIIal Icuvcr  ill lllicl-N(~\cllll)cr, tl]c  satellik colltit)ucd ill a  fixcx-
yaw’ collfig~lratioll  at, a 180- dcg yaw aIIJ$(’.  III tflis  attitude tlIc  -1 X axis oI)jmcs  tlI12 sak]litc
IIlotlioll, so tlIc  allolllalous f o r c e  woIIld  I)c ex])cctcd to catise aII orl)it I)oost  of silllilar lllag-
IIitllde. IIowwvcr,  a  so l a r  a r r ay  ]Jitcll I)ias log aIIglc lia(l I)CCII cIIIIJloy(’(1 duri]lg all ])rcviol]s
fixc(l- yaw ])criods ( y a w  = 160 (Icg) to]llaxilllizc tllcsolararra}I tc]ll])craturc. ‘J’l Ic usc of a
lil~, altg;lr l I a s  l)CCII  disco]]tilllle(l  it] favor  of always using a 1(’a(l  :Illgl(’, a s  tlIc  olmrvcxl so]ar
a r r a y  tlctll])mail]rc difl’crcllcr was  only W3° C. ‘1’IIc  lag gmIIIrtry acttla]ly rcd IIcd tlIc d e c a y

r a t e  I)y NbO(XI fro]!] 28 (0 14  cIII/day,  ratllcr tllall ])rovidillg  a lIct l)oosl ( s ee  l“ig. 4).

A f t e r  retur]lil]g i]] early l)cc(’]lll)(r  1{1{]2  to y a w  siceri]lg aII(l ])ositivc  ~’ gco]tlct,ry,  tfIc
i\ll  OlllalollS al(nig-  track fol-cc illdl]cd a lIet orl)it decay as ex])ecld. OIIcc  again tlIesc forces
origi]iatcd fro]tl tlIc  -1 }’  axis  aIId gcIIcrally  variul \vitfl y a w  atll])litlldc alI(l /?’, as slIowll ill
l>ig. 4. ‘J’l Ic -1 X f o r c e s  ol)scrvcd  during  fixml y a w a r e  IIO lollgcr  ol~scrval)le  as along-  track
1)(’rt~lrl):ltiolls. ]Iowcvcr, tfIcse  lIcw esti]]latcs were f a r  less co]]sistc]lt  tlla]l tltose ol)scrvcd
WI ICI I [j’ < (1, for yet 111 Ikl Iow II rcasolls.

lto],cat estilllatcs of tlIc  aIIOIIIaloIls” force for tlIc  salIIc  sa ,(t Ilitc attit(ldc cc)ll(litiollsfirst
1)( ’ca IIIe ]~ossiljlc WIICII  tfIc satellite rctllrlld to fixed yaw ill early January IW3. ‘J’llc’ f i rs t
Ilsc of  a  lead solar  a r r a y  ])itcll I)ias at, a Ycro yalv al Iglc r(’sllllcd  ill a co]lstallt orl)it l)oost
cstitllatd (0 I)c’ w21 c] II/(lay.  ]“or o])(’ratio]lal  cotlvc]lir]jcc  (Il]ritlg tlI(’ Iloliday  j)[’riod itl ]atc
IJcccllll)cr, tfIc fixed  yaw l)criod  })(lrl)oscly l)egaII car Iy at afi’ al Iglcof  N24 dcg,  ratllcrtfla]l
tl)~]l~)]llill; ilvilll]~of15(l~g.  As;iresltlt, tllcs:ltcllit(i v:~s ill tllisfixcd  y~l~vattilll(lcforak)ollt”
I(J d a y s ,  ])rovidillg  aII cxtclldcd ])criod  of orl~it IKKN1  SOOII  aft~’r  0N4N42  illl])l~lll[~lltati[)ll  [)11
11 lkccl]ll)er. ‘J’llis  ])1:111  w a s  rdlcck(l ill ON’IN’12  (lcxiglt.5 ‘J’IIc  yaw flil) IIlallcuvcr  followed
)Icar ~’ w 0, ])lacillg  tlIc  satcllik ill a  180-  dcg y a w  atl)itudc. II:stilll:ltc’s of tllc allolllalo~ls
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fore{’ were very silllilar to tjl IOSC ol)taillcd durit]g  tlic last Occllrcl  Icc of tlIis atti(rldc gcoIIIetry

ill Novell]l)cr  1{192,  rcsllltillp;  ill coIIstaIIt  (lcc~Iy r:ltcs of w28 cIII/day (1’ig. 4 ) .

l’;stilllatcs of tlIcI alIOIIIalous  force  ol)lai]lcd (0 da t e  lIavc (Icll)c)listr;itccl  Ilcar-  rcj)catal)lc
dcc. ay/l)o Osi l)cllavior lllat c.orrclatcs rcasc)llal)ly  well with tlIc  satellite attliludc arllic.lllatioll
stratcgirs. ‘J’llis  I)cllavior  lIas lcd to tlIc (l(,\’(lc}]J]IIc]Il  o f  al I c]l)])iriral  ])rcdict,iotj  IIIodcl
ill(licatcd I)y tlllc solid  Iitle iII l“ig. 4. ‘1’l]is  ])rototy])c  II IOdcl is IIOW US(XI ill orl)i(  IIlailltcllatlce

‘“o togetllcr wit,ll otl)cr II IOdcls tlIat,  lIavc a sig;lli(ic.allt, cfl’ccl of llIc  salcllitcIIlallcllvrr dcsigtl
grolltld (rack.

Effects on the Satellite Ground Track

AII m:IIII])lr  of tile relat ive i[lfl[lcllces  of tllc aIIOIIIal  OIIS aloII~- track forces  aII(l atlII()-
s])llcric. dragol]  tlIc  sat,cllitc orl)it, aIId grolltld  track arc cm[l])arcxl  ill l$ig, 5. ‘I IIIC  co]l)])arisol]
l~crio(l i s  lIIC illt,crval  iltl]tlcdiatcly fo]lowitlg  OMNll (see  l’igs, 3 , 4 ) .  l’or illustratiml, tlIc

orl)i(, is illit,ially  ])osiiiollcd  e x a c t l y  o]] tllc rcfcrc])cc  grolltld  track wi(ll  a sc]lli-lll:ijor a x i s
wllicll  ])rovidcs  al I e x a c t  rel)cat grolltld  track WlIrII tlIe  orl)it  is ])ro])agatcd  i]] tllc ])rcscllce
of ol]ly carll) gravity. ‘J’llis  lIICa IIS tll Iatl lIIIC grolllld track ofl”srt dej)ictcd ill lrig.  5 will always
relllaill zero, regardless of tlIc  orl)ii  ])ro}~agatiol] tiltlc. l,utli-  solar gravity lIilS ])rcdictal)lc
aII(l sigtlificallt,  I)crio(lic  cflkcts 011 tlIc ‘J’OI’l I; X/l’ O,$lI;  ll)C) N ground track:]  tlIa[, arc roll-
titlc]y lIIodclled  as I)art  oforl)i(  )Ilailltc’tlallcc  IIlallcuvcr  dcsigtl,:’ IIcrc Illlli- sol:irc fli’ctslizl\c
I)CCII  ])llrl)os(:lyolllitlc(l”  toisoliltctllc ill(liii{ll]?ll” c()lil,ril)lll, i()ils()f  tltll]c)sj)llcric  clr:igzillcl  t,]]c
;Illolllalolls” :Il(jllg-  track f o r c e ,  illl(l  to also  cllaractcrim their coll)l)illcd  Cfl’cct.

lrig.  5sllc)\vs  tllt~ttl l(()rl)itst[;l  (lil~(lec; lysatlcl tllcg;rolllld track (lrifts( lir{c.[l~c:ls (}vt)r(l
wJIIclI  (Irag alo IIc is al)l)licd  during orlllt,  ])ro]):lg;:llioll.” ‘1’llisc’xl)c’ctc:cl  rcsu]t rcflcc(s observed
dr~ig cllarack~rizc(]  l~y tllc d e c a y  rat,c IIist,ory iilllllc(liatcly followit)g 0A4N41 (SN  l’ig. 3c).
IIerc, tlic orl)i(  dmay ra t e  ra])idly  illcrcascs (IIIC to tllc coltll)illed  cfl’ccts of IIigllcr  a v e r a g e
(Irap, area al, lowr /?’ aIId a  sud(lc]i largr itlcrcasc it] solar activily. ‘J’IIc scl)arat,c  cfl’ccts
of tllc (lccay/l JOOst II Iodcl 0 1 1  tlIc grolllld  track lIavc I) CCII cstilllatcd for tllc SaIIIC tilnr
illtcrval Ilsillg  tlIc ])ost- ONIMl  II IO CIC1 slIow II l)y llIc  solid  lillc ill l’ig. 4 .  IIrrc, (IIC grolllld
lr:Ick  illili:llly drills wcst,ward  t)ccallsc tllc III()(Ic1  ]jrc(licts orl)it l)omt dllritlp; tlIc  fixc(l y a w
I)crio(l itll]l]c(liat,cly  followi]lgj,  ON IN II, ‘J’]lcgrol]tld  track tllc]] rclcrscsc:ls(}v:lr(l  wlIclI orl]i(
(1(’cay ])rcdicic(l  I)y tlIc II I()(lc I l)cgi]ls  t{) II:IVC itlflllcllcc. ‘1’lIc collll)illatio]i of d r a g  aIId LIIC
aIIOIIIalous aloIIg- track forces  caIIsrs tlIc grou]ld track lo rclllaill Ilcar  tlIe  rcfcrcllcc track
Cill’]y ill llIc ])ro])agatio]l  ]Jcriod, a s  drag aII(l aIIOIIIHl OIIS  lI(IOS( c[l”ects arc illilial]y IIcarly
IJalallccd, l,alcr, tlIc  collll)illml  f o r c e s  rcvcrsc caslward ascac force  ])rcdicts orl)it (Iccay.

Summary

llllclc’rst:lll(lillg  lIow tile colt)l)i]lcd  11[)11-g;rillitiltic)tl:ll forces afl’cc.t tlIc  satc]litc ground
track is  a ])rilllary ol)jcxtivc o f  o])cratiollal orl)it IIlailltcllallcc for ‘I’C)l’II;X  /l’C)SII; ll)[)N.
‘1’yl)ical  IIlallcllvcr AV IIlagtlitrldes a r c  less tlIa II W5 llllll/SCC,o’F’ correcting tlic scllli-  lrlajor
ax i s  I)y ~1(1 IIletcrs. ‘1’llis ])a])cr slImvs tl}dt tlIc  aIIOIIIal  OIIS a l o n g - t r a c k  f o r c e s  cl IaIIgc  t,llc
scltli-  IIlajor axis I)y as II IIICII as 20- 3tJ cl II/day (Iuritlg  l~criods  of fixc(l yaw ]Iotl]i]la]ly  lastil)g

1’NL ( dys. ‘J’IIc rcsllltillg IIct  cl IaIIgc it] sclt)i-  IIlajor  a x i s  l)ccoIIIcs ltlorc tlIall  a ]Ilctcrj all
cll’ect cquivalc)ltl  10 a IIlallc[lvcr  of wO.5 111111/see, ‘J’liis cfl”cct is a sigltificallt ])crcclltagc o f
a  l,yl]ical ]Ilalleuvcr, atI(l lIIIISt I)c ]~art o f  rolltillc orl)it, IIlai]ltc]lallce  t o  litllit grolllld track
I)rc’(lictioll  e r r o r s  alId to ]I)axit]lizc  tlIc (Ii]l)c  l)ctwcc]l  ]tlallcttvcrs.

‘J’l IC ])a])cr also ])rcsc)lts  a tllu)rctical analytic II ICICICI wllicll  dcscril)cs tllc c[l’cct of allOll]a-
l(JIIS I)ody - fixed forces ill Lcrll}s of ])la]IIIc(l satellite attitlldc arl  iclllalioll strategies.~ COIII-
l)arisolls a r c  lIIadc  I)ctwccll  rcs(llts ])rediclcd l)y tlIc  tllcorctical II Iodcl w i t h  t,lIOsc ol,laillcd
i,llroljgll  direct  clll})irical  lIlcalIs. Goo(l  :Igrcwlllclli I)roli(lcs a cl(wx(l-  fortl) II Ictl IOd of  col I-

fi(lc]lt,ly  j)rcdictiltg (IIC c[l’ccts of (IIC aIIOIIIalOIIS  alOII&-  lrack forces 011 tllc satellite g;rolilld
track, lcaditlg to ilil])rovecl ]Ilatlcuv(r ])]allllillg  :111(1  cxcclliioll accuracy,
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